1 ©AANS, 2013 O ver the past decade, a great deal of interest has been generated in the resection of extraaxial skull base tumors via minimally invasive, endoscopic, and keyhole surgical approaches. Open surgical approaches for skull base meningiomas of the anterior and middle skull base, which still define the gold-standard intervention for many of these lesions, have been challenged by more recent series of endoscopic transnasal and keyhole approaches. Minimally invasive approaches have in turn been galvanized by advancements in endoscopic technology, instrumentation, and the development of novel techniques for skull base reconstruction and CSF leak repair. As neurosurgical approaches to meningiomas and other cerebral tumors continue to evolve in terms of minimal invasiveness, the selection of patients for minimally invasive versus traditional open surgical approaches is likely to become even more critical in optimizing patient outcomes. A priori knowledge of key tumor characteristics (including pathology, vascularity, invasiveness, and so on) acquired using advanced neuroimaging modalities is likely to contribute greatly to this patient selection process. 
One key characteristic of skull base tumors that remains rather elusive with regard to preoperative assessment, yet greatly affects the ease of the operation, is tumor consistency (also referred to as texture or firmness). In previous attempts to predict meningioma consistency based on neuroimaging studies, investigators have generally referred to the meningiomas as either "hard" or "soft" and have often reported this information in a retrospective fashion derived from operative notes. As neurosurgeons are increasingly having to decide between minimally invasive and open craniotomy approaches, tumor consistency is likely to become a more important factor in determining the operative procedure as well as any intraoperative or preoperative adjunctive measures. Furthermore, as newer and more advanced neuroimaging modalities provide improved means of assessing tumor consistency, a more detailed and objective tumor consistency scoring system would greatly improve our ability to analyze and convey surgical parameters relating to tumor consistency in a standardized fashion. Finally, the ability to objectively assess surgical tools for tumor resection may be improved by the application of a standardized grading system for tumor consistency.
For these reasons, the authors aimed to establish and test the validity of an objective and practical grading system for meningioma consistency, which could more accurately account for the continuous, rather than binary, spectrum of meningioma texture, as well as accounting for regions of intratumoral heterogeneity with respect to consistency. We created a practical 5-point grading system to quantify the consistency of intracranial meningiomas based on the ease of internal debulking and ability to fold in the tumor capsule following debulking. We subsequently assessed the validity of this 5-point grading system through the independent grading of each tumor by 2 neurosurgeons who were involved with the resection and who did not discuss the tumor grading during the operation.
Methods

Consistency Score Development
A 5-point grading scale was developed to characterize the consistency encountered during the resection of meningiomas ( Table 1 ). The authors aimed to design a practical and objective scale, based on the surgeon's ease and ability to internally debulk the tumor and subsequently collapse the capsule of the meningioma, and the tools used to do so. Grade 1 meningiomas, those whose consistency is the softest subset of meningiomas, were defined as those amenable to internal debulking utilizing suction alone as a primary instrument. Grade 2 meningiomas are also relatively soft tumors that can be partially debulked via suction, yet subsequently retain an interspersing fibrous stroma that requires additional resection, along with an easily folded capsule. Grade 3 meningiomas are those with average consistency that cannot be freely suctioned and require some degree of mechanical debulking (that is, ultrasonic aspiration, piecemeal debulking, or cutting-aspiration device), with a capsule that is easily collapsed following internal debulking. Grade 4 meningiomas are firm tumors for which internal debulking is a challenge, often mandating sharp resection, loop cautery, ultrasonic aspiration, or mechanical fragmentation at a higher setting; in Grade 4 tumors, folding of the fibrous tumor capsule poses a challenge to the surgeon despite internal debulking. Finally, Grade 5 meningiomas are extremely fibrous or calcified lesions, with a consistency approaching bone, in which the paradigm of internal debulking and capsule folding is typically unsuccessful. When using the consistency score, tumors are graded based on the ease of internal debulking and stiffness of the tumor capsule, and they can therefore can be scored based on any combination of suction and/or mechanical fragmentation used.
To accommodate for potential heterogeneity in the consistency of meningiomas, tumors were secondarily categorized as homogeneous or heterogeneous and were subsequently graded with a minimum and maximum consistency corresponding to the softest and firmest parts of the tumor, according to the same grading scheme posed above. Finally, a 3-point grading system was used to characterize the vascularity of the tumor parenchyma (avascular, average, or vascular).
Clinical Application of Consistency Grading Scale
According to the linear weighted kappa model for interuser variability, the study was designed to have 50 patients, per the formula 2k 2 for a 2-rater assessment, where k is the number of categories (k = 5). [3] [4] [5] Linear weighted kappa analysis was selected based on an ordinal grading scale with no weight differences between categories. After obtaining institutional review board approval, we began using the consistency grading scale in a prospective fashion, applying it in 50 consecutive cranial operations for meningiomas (49 cases involving open craniotomy and 1 case involving an endoscopic endonasal approach for olfactory groove meningioma). For the purposes of this study, patients with smaller tumors that were resected in an en bloc fashion (without requiring internal debulking) and patients undergoing preoperative embolization were excluded. Each grader was an attending neurosurgeon or chief resident who had enough experience with meningioma operations to discriminate among varying tumor consistencies, and all participants were given brief instruction on how to use the scale and complete the grading forms prior to the operation. Immediately following each operation, tumors were graded, in an independent fashion and by following a questionnaire, by 2 surgeons who performed the operation but did not communicate regarding the grading score.
Statistical Analysis
Following the grading of 50 tumors, data were analyzed according to a standard linear kappa statistical analysis for interuser variability. A kappa score of greater than 0.8 signifies an excellent test with almost perfect agreement, and a kappa score of 0.6-0.8 signifies a good test with substantial interuser reliability ( Table 2) . 10 Proportional data among categories were compared using Fisher's exact test. Tumor size was analyzed as categorical data (diameter < 3 cm, 3-5 cm, or > 5 cm), as was tumor location (convexity vs skull base). Statistical significance was defined as p < 0.05. All statistical analyses were performed using SPSS (SPSS Inc.).
Results
Patient Demographics and Tumor Location
Fifty intracranial meningiomas in 50 patients were graded by 2 independent reviewers (100 scores total). The mean patient age was 52 years. There were 11 men and 39 women. The mean maximal tumor diameter (± SD) was 4.3 ± 1.5 cm. Tumors could be broadly categorized as follows: skull base (52%), convexity/parafalcine (44%), and intraventricular (4%). The specific distributions of tumor location are shown in Table 3 . A prior resection had been attempted in 2 patients (4%). In 2 patients (1 who had a prior resection), radiation therapy had previously been performed. The distribution of scores for overall, minimum, and maximum grading is depicted in Fig. 1 .
Interuser Reliability of Grading System for Consistency
The overall tumor consistency grade was perfectly correlated in 45 of the 50 cases (a 90% agreement). The kappa score for overall consistency grading was 0.87 (SE 0.06, 95% CI 0.76-0.99) ( Table 4 ). The designation of "homogeneity versus heterogeneity" of tumor consistency was correlated in 42 of 50 patients (an 84% agreement). The kappa score for homogeneity versus heterogeneity was 0.64 (SE 0.12, 95% CI 0.41-0.86). Rater agreement was observed in the minimum tumor consistency score in 74% of tumors, with a kappa score of 0.69 (SE 0.08, 95% CI 0.52-0.85). Rater agreement was observed in the maximum tumor consistency score in 78% of tumors, with a kappa score of 0.75 (SE 0.07, 95% CI 0.61-0.90). The tumor vascularity grade (avascular, average, or vascular) was in agreement in 76% of patients, with a kappa score of 0.56 (SE 0.11, 95% CI 0.34-0.78).
There was no statistically significant correlation between patient age; tumor diameter; overall, minimum, and maximum consistency; or tumor heterogeneity. A higher graded tumor vascularity, however, was associated 
Discussion
Some of the key factors that affect the decision-making process for the surgical approach and the ease with which intracranial meningiomas can be resected are inherent tumor biology, size, growth patterns, invasion of surrounding neurovascular structures, vascular origins, and previous intervention(s). 18 Many authors have reported that firm consistency, or texture, is also a major limitation in the surgeon's ability to achieve optimal or complete resection of intracranial meningiomas. 9, 11, 14, 16, 18 The grading system proposed in the current study provides a practical and easy-to-use method for the objective assessment of tumor consistency in intracranial meningiomas. It was created in response to the existing variability and subjectivity of prior studies that have attempted to characterize, predict, and convey meningioma consistency, often in a retrospective fashion. Furthermore, over the past few decades the inherent property of tumor consistency has become an increasingly important variable of meningioma surgery, as evolving minimally invasive options exist for removing a variety of intracranial skull base tumors. The ability to accurately predict the consistency of a meningioma in an a priori fashion based on neuroimaging studies may in part dictate the surgical approach one selects and provide more information regarding the requirement for a staged resection, expected subtotal resection, or additional challenges related to consistency and/or vascularity.
The grading system used in our study demonstrated a very high degree of agreement (90%), with a kappa score of 0.87, and also reliably accounted for the heterogeneity and vascularity of the tumor, albeit to a lesser degree. Finally, the practicality of the proposed grading system relies on standard microsurgical techniques typically used to resect meningiomas-namely, internal debulking of the tumor and subsequent folding of the tumor capsule. The flexibility in the grading of meningioma consistency based on various surgical instruments used for internal debulking also facilitates comparison of surgical instruments and newer surgical tools designed for tumor fragmentation and mechanical disruption. In the future, this scoring system may be used to objectively and practically assess current methods for tumor debulking and may help to accommodate newer tools that become available over the next several decades. Conversely, one limitation of the current system is that it may not be valid or generalizable to smaller meningiomas resected in an en bloc fashion or those that had undergone preoperative embolization, which were excluded from the present study.
In the future, the surgeon's ability to identify extremes in consistency in an a priori fashion-namely, Grade 1 and 2 versus Grade 4 and 5 tumors-is likely to help yield a great deal of information as to how a resection may proceed and help to guide the selection of a surgical approach. For example, in a meningioma known to have a preoperative Grade 1 consistency based on neuroimaging, a minimally invasive approach in which suction and minimal curettage would be sufficient for resection could be reliably planned. At the opposite extreme, a Grade 5 meningioma is more likely to require a more substantial open exposure that involves bony removal and possibly brain retraction, knowing that internal debulking strategies may be rather limited. Although in the current series no meningiomas received an overall consistency grade of 5, 14% of the tumors did have focal regions of Grade 5 consistency. Both our experience and prior studies support the requirement for maintaining such a category. 8, 13 Another interesting question is whether the consistency of a tumor has any effect on its response or resistance to radiation-based treatments such as Gamma Knife surgery. This question may be more objectively assessed in the future based on the current grading system. It is believed that the consistency of meningiomas is in part dictated by the content of collagen and water, but to date no sustained or universally accepted correlation with histopathological subtype has ever been substantiated. Over the past 2 decades, numerous studies have attempted to predict the consistency of cranial meningiomas by using a variety of advanced MRI techniques, ranging from T2-weighted to diffusion-tensor imaging to MR elastography sequences, mainly with limited success. 1, 2, 6, 7, 15 A prior study by Chen et al., from our institution, did show a correlation between soft tumor consistency and hyperintensity on T2-weighted MRI, 2 as have some additional studies. 6, 9, 12, 15, 19 Two prior studies have demonstrated an association between hard tumors and the fibroblastic meningioma subtype. 1, 7 Other studies, however, have found no relationship between imaging findings and consistency 17 or between histology and consistency. 17 The greatest success, to date, in demonstrating a consistency-imaging relationship has been a study utilizing diffusion-tensor imaging by Kashimura et al., who in 2007 reported an improved ability to predict tumor consistency as "hard" or "soft" in 29 patients with meningiomas. 7 Nearly all previous studies have referred to meningiomas as "hard" or "soft," however, which does not account for the more continuous spectrum and heterogeneity frequently observed in the tumor's consistency and does not represent a standardized scale that has been validated prior to its use.
The major aim of the current study was to provide a practical platform for neurosurgeons, neuroradiologists, neuropathologists, and other practitioners to objectively and reliably convey meningioma characteristics relating to consistency and vascularity, as new imaging modalities and minimally invasive surgical techniques continue to evolve rapidly. Our study does have certain limitations, however, in that the interuser agreement and kappa scores of some aspects of the scoring system-namely, the heterogeneous components and tumor vascularity-were not as reliable as those for the overall consistency score. Although agreement was noted in the 70%-80% range, and the kappa score was still in the 0.61-0.80 range for these characteristics (indicating a substantially reliable test), they are nevertheless not perfectly reliable grading systems and are still subject to interuser disagreement. Even the lower margins of the 95% confidence intervals for these scores, however, indicate a moderately reliable test for these categories. The main variable that is useful for grading is the overall consistency score, with a kappa score of 0.87 and 90% interuser agreement. Furthermore, at this time the proposed scale does not hold clinical validity or association with any established outcome parameters for meningiomas. Further use of the grading scale may or may not demonstrate such an association in the future. Finally, the purpose of this study was not to definitively draw associations between tumor consistency and neuroimaging findings or histopathological subtype. The aim of this study was only to validate the objectiveness of this scoring system, with further results drawing correlations to imaging and pathology findings to be analyzed once a sufficient number of tumors have been graded according to this scoring system.
Conclusions
The grading system developed and tested in the current study represents a simple, practical, and objective method for assessing the consistency of intracranial meningiomas and was noted to have an extremely high degree of interuser reliability, especially for overall consistency score, which was the main variable assessed. The application of such a grading score may standardize the communication of meningioma texture among practitioners and improve the objectivity and comparison of future research studies in terms of the predictability of intraoperative consistency using advanced neuroimaging techniques as well as effectiveness of various instruments for tumor debulking.
